Here we report the methylation status of the chicken ovalbumin promoter. Genomic DNA of oviduct from immature chickens and laying hens was analyzed through bisulfite genomic sequencing. In the ovalbumin control locus up to the 6 kb upstream region, CpG sites were methylated in immature chickens, except for several sites, and almost all CpGs residing in DNase I hypersensitive sites I, II, and III, but not IV, were selectively unmethylated in ovalbumin expressing chickens. Chromatin immunoprecipitation assays showed that the ovalbumin control region was associated with acetylated histone H3 but not with dimethylated histone H3 at Lys 27. These results demonstrate that DNA demethylation was restricted to short DNA regions of DNase I hypersensitive sites, especially to those which participated in estrogen-responsiveness, even when cells expressed extremely high levels of ovalbumin and these sites were associated with acetylated histones.
Gene expression can be suppressed by DNA methylation through several mechanisms. [1] [2] [3] During gene silencing, DNA methylation is a late event compared with other epigenetic changes, and is likely to be involved in the establishment of a stable repressive state. 4) On the other hand, the postulated role of DNA demethylation in the process of gene activation is controversial. Recent studies suggest that its regulatory role is not ubiquitous, 5) but it has been found that methylation and demethylation of specific regions of DNA are critical for the control of several genes. [6] [7] [8] The DNase I hypersensitive site (DHS) often correlates with regulatory sequences such as promoters, enhancers, silencers, and locus control regions, 9) reflecting changes in the chromatin structure. Recent genomewide analysis has shown that DHSs reside within 4 kb distance on average from transcription start sites, 10) supporting their postulated importance as targets for the binding of regulatory proteins. In addition to DHS, it is also known that various modifications of the Nterminal tail of nucleosomal histones, the so-called histone code, are involved in the regulation of gene expression. [11] [12] [13] These changes in chromatin appear in a coordinated manner. For example, globin gene expression during chicken erythrocyte development is associated with an increase in the sensitivity of corresponding chromatin to DNase I, a decrease in DNA methylation, and changes in histone modifications. 14, 15) Recent reports indicate various interactions among proteins involved in these processes. [16] [17] [18] For example, Dnmt1, a maintenance methyltransferase that methylates hemimethylated CpG, directly binds and recruits histone deacetylase, 18) but it is largely unknown why the whole locus exhibits such changes in some genes while only a restricted region(s) do in other genes. [4] [5] [6] [7] [8] 14, 15) One hypothesis, based on observation of histone acetylation in several genes, is that tissue-specific genes are associated with a locuswide change in chromatin structure when they are expressed, whereas changes in restricted regions are observed in widely expressed genes. 15, 19) Chicken ovalbumin is the major protein in egg white and is produced specifically in oviduct cells. The gene has been used as a model system for the hormonal development and tissue-specific regulation of extremely high levels of gene expression. 20, 21) The actively transcribed ovalbumin gene in the oviduct exhibits four DHSs in the 5 0 upstream region. Knowledge of other epigenetic changes, including DNA methylation and histone modifications, is limited, except for one early study which suggested that demethylation occurs at some CpG sites but not in the entire locus of ovalbumin. 22) In this study, we investigated the DNA methylation status and histone acetylation and methylation of the upstream region of the chicken ovalbumin gene.
Materials and Methods
Determination of cytosine methylation by bisulfite genomic sequencing. A magnum portion of oviduct tissue was dissected from laying hens. In immature chickens, whole tissue of the small oviduct was used because of its poor development. Genomic DNA was extracted and purified by conventional methods including proteinase K digestion. Bisulfite conversion was performed by the method of Clark et al. 23) with some modifications: the concentration of NaOH solution in the first denaturation step was 3.3 M and sodium metabisulfite at 2.6 M was used for conversion. DNA was amplified with 10 sets of primers, shown in Table 1 . The amplified DNAs were cloned and their sequences were determined. For comparison, the non-modified ovalbumin promoter region was also sequenced and the methylation status of each cytosine was determined. To confirm the purity of ovalbumin-expressing cells in laying hens, the cells were dissociated as described below and stained with anti-ovalbumin antibody (Rockland, Gilbertsville, PA), which showed that approximately 70-80% of the cells contained ovalbumin protein ( Fig. 1A) , as described previously. 24) All experiments were performed according to the ethical guidelines of Nagoya University for animal experimentation.
Preparation of oviduct primary cells from estrogeninduced immature chickens. Oviduct cells were isolated from the magnum portion of diethylstilbestrol-treated chickens by the method of Sanders and Mcknight, 25) except that diethylstilbestrol dissolved in olive oil was injected intramuscularly at a dose of 1 mg/d. The cells À6:3 to À5:9 Direct 5 0 -GGTtttTtttTAGGGAATGtTGTATGTGT-3 0 Reverse 5 0 -GGTGGATCCCAaaTCATACTAaaAaTCCTTaaCC-3 0 À5:8 to À5:3 Direct 5 0 -GAGGGAtTGGTtTTGtTtTGGG-3 0 Reverse 5 0 -AaTCTaCATCCTaAaATCAaCAaaCCC-3 0 À5:3 to À4:6
Direct 5 0 -GGttTGtTGATtTtAGGATGtAG-3 0 Reverse 5 0 -CACAaaTaaTACAATCACCCA-3 0 À4:4 to À4:1 Direct 5 0 -CCAGGATCCTGGTAGGTTAAGtAATAGATAtAGAGTTTG-3 0 Reverse 5 0 -aCCTCACCTaCATaCAAAaCCTTTCAC-3 0 À4:0 to À3:2 Direct 5 0 -AGGAATtATTGAtTGTAtAGTGAAGGG-3 0 Reverse 5 0 -CCTaCCCAaCACAaCTaTaCAAAaC-3 0 À2:8 to À2:3 Direct 5 0 -GTAGGTtTGGAATtAGGAtAtTATGTGG-3 0 Reverse 5 0 -AaCACTCTaACCCTCTaCAaCAaCCCAT-3 0 À2:5 to À1:9
Direct 5 0 -GTAGtAATGGAAGAtTGATATTGGAGAAA-3 0 Reverse 5 0 -AATAACAACAaaCTaCTTCTCACCCTaT-3 0 À1:6 to À1:0 Direct 5 0 -GTAGtATTAGGAtAGAAGTTATTtTGGAG-3 0 Reverse 5 0 -CCATTTTCTTTTaTTTCTCTCCTTCCTTT-3 0 À0:9 to À0:2
Sequence differences between modified primers and unmodified DNA are indicated in lower case. Conversion from cytosine to uracil by bisulfite reaction appears as ''t'' in direct primers and as ''a'' in reverse primers that anneal the other strand of PCR product. were stained with anti-ovalbumin antibody, and the percentage of ovalbumin-expressing cells was approximately 80-90% ( Fig. 1B) .
Reverse-transcribed PCR. Total RNA was extracted with a kit (QuickPrepÔ total RNA extraction kit; GE Healthcare Bio-Sciences, Piscataway, NJ), and the RNAs were converted to cDNA by reverse transcriptase (ReverTraAceÔ; Toyobo, Osaka, Japan). The cDNAs from each sample were subjected to PCR in a semiquantitative manner. The glyceraldehyde-3-phosphate dehydrogenase gene was used as a control. The following primers were used: Ovalbumin, 5 0 -CCAGGATTCG-GAGACAGTATTG-3 0 and 5 0 -CATCAGGCAACAGC-ACCAACA-3 0 for direct and reverse primers respectively; GAPDH, 5 0 -ACGCCATCACTATCTTCCAG-3 0 and 5 0 -CAGCCTTCACTACCCTCTTG-3 0 for direct and reverse primers respectively.
Chromatin immunoprecipitation (ChIP) assay. ChIP assay was performed with anti-acetyl-histone H3 (#06-599, rabbit IgG, Upstate Cell Signaling Solutions, Charlottesville, VA) and anti-dimethyl-histone H3 (Lys 27) (#07-421, chicken IgY, Upstate Cell Signaling Solutions), as previously reported. 26 ) Precipitation without antibody and with control rabbit IgG served as a negative control for acetyl-histone H3. In the case of ChIP analysis using anti-dimethyl-histone H3 (Lys 27), goat anti-IgY antibody (sc-2430, Santa Cruz Biotechnology, Santa Cruz, CA) was used as a second antibody for precipitation of dimethylated histone H3 (Lys 27). Precipitation without the first antibody followed by the second antibody served as a negative control for dimethyl-histone H3 (Lys 27). The following primers were used: for DHS IV in the ovalbumin upstream region, 5 0 -GATAACAAAGCCCTGAGCG-3 0 and 5 0 -GGGCACAGCTGTGTTTGA-3 0 for direct and reverse primers respectively (À6179 to À5983, 197 bp); for the intervening sequence between DHS IV and DHS III, 5 0 -TCAGGATGCAGACTTGCTT-3 0 and 5 0 -GA-ATATCACATGCCTTGACTTTAT-3 0 for direct and reverse primers respectively (À5267 to À5047, 221 bp); for DHS III, 5 0 -TGATGGCTACAGCACCAAGG-TAT-3 0 and 5 0 -ACAATTTTGACATTAGGAAGGAG-CA-3 0 for direct and reverse primers respectively (À3671 to À3484, 188 bp); for the intervening sequence between DHS III and DHS II, 5 0 -TTGGGCTGC-AGGGAACTTC-3 0 and 5 0 -GCCACTGGCCAGAGCT-GA-3 0 for direct and reverse primers respectively (À2336 to À2138, 199 bp); for DHS II, 5 0 -TTTCAA-TACAGAACAATAGCTTCTA-3 0 and 5 0 -CTCCATA-CAATGCAAAACAAT-3 0 for direct and reverse primers respectively (À871 to À658, 214 bp); for the 5 0 transcribed region, 5 0 -GTGGGTCACAATTCAGGC-TAT-3 0 and 5 0 -TGCATACACAGGTGAGAAGTTTT-3 0 for direct and reverse primers respectively (þ49 to þ200, 152 bp).
Results
Methylation status in the region from À6:3 kb to À4:0 kb
The chicken ovalbumin gene is located in the second chromosome, one of the so-called macrochromosomes. The GC content of the ovalbumin upstream region up to 7 kb is 42%, similar to that of macrochromsomes. 27) The observed number of CpG dinucleotides is about 10 times lower than that expected based on base composition (0.11), and the promoter region of the ovalbumin gene does not meet the criteria for a CpG island. 28) Prior to the study of DNA methylation in the chicken ovalbumin locus, the expression of ovalbumin was confirmed by reverse-transcribed PCR in the oviduct of laying hens and estrogen-induced chickens, but expression was undetectable with the oviduct of immature chickens or erythrocytes (Fig. 1C ). As shown in Fig. 2A , most CpG sites were methylated in the oviduct of immature chickens, but methylation was incomplete at several CpGs, such as at À5578 in which two out of five clones were unmethylated. In mature hens, methylation and demethylation of CpGs appeared dependent on their location: some CpGs were demethylated but most of the CpGs were methylated. CpG at À6162, in DHS IV, was heavily methylated even in the oviduct of laying hens. The reason for incomplete methylation of this site in immature chickens is not clear, but incomplete methylation even in heavily methylated regions has often been reported in unexpressing cells. 29, 30) CpG at À5124 was methylated in the oviduct of immature chickens (80%; four out of five clones were methylated). On the other hand, in laying hens, this CpG was strongly demethylated (five out of five clones were non-methylated). This site is in the L2/CR1 family of LINE (À5167 to À4915), one of two repetitive sequences within the 5 0 upstream region of ovalbumin revealed by sequence analysis with RepeatMasker (http://www.repeatmasker.org/). The demethylation tendency has also been observed to CpG at À5578 in laying hens (four out of five clones were unmethylated).
Methylation status in the region from À4:0 kb to À1:9 kb
As shown in Fig. 2B , CpG sites in DHS III (located at À3795, À3632 and À3351) were moderately demethylated in laying hens but methylated in immature chickens. To confirm that this region was demethylated upon the induction of ovalbumin and that demethylation was related to hormonal induction, we further analyzed the methylation status of oviduct cells induced by two cycles of estrogen injection based on the method originally reported by Sanders and McKnight. 25) In estrogen-induced chicken oviduct cells, a marked increase in demethylation of the CpGs was observed in this region.
CpGs downstream of DHS III had the tendency to be methylated both in laying hens and immature chickens, including the sequence that is similar to retroviral LTR (À2379 to À2039). An exception occurred at À2552, which was moderately demethylated: 57% and 40% were unmethylated for immature chickens and laying hens respectively. Partial demethylation (approximately 40%) and complete methylation were observed for methylation-sensitive HpaII sites that occurred near À2:8 kb and À1:8 kb respectively in laying hens. 22) Unfortunately, these sites did not appear in the chickens used in our analysis, possibly due to polymorphism, and so their precise locations could not be pinpointed. In erythrocytes, the DNA methylation pattern of this region was almost the same as that of immature chickens (Fig. 2B ).
Methylation status of proximal region of promoter (À1:6 kb to þ0:4 kb)
As shown in Fig. 2C , CpG sites at À1539 and À1534 were completely methylated both in immature chickens and laying hens. The CpG at þ304 was unmethylated (five out of eight clones were unmethylated), and several other sites (À1223, À805, þ43, and þ163) were partially methylated (50-75%) in the immature chickens. The CpG sites from À1223 to þ304 were totally unmethylated in laying hens, although changes in some sites were insignificant due to the background demethylation in immature chickens. In blood erythrocytes from laying hens, the DNA methylation pattern was similar to that in oviduct from immature chickens.
The ovalbumin gene was associated with acetylated histone H3 but not with dimethylated histone H3 at Lys 27
The acetylation of histones such as histone H3 and histone H4 is linked to gene expression. 11, 12) We analyzed the histone acetylation of the ovalbumin promoter using cells obtained from laying hens. As shown in Fig. 3 , anti-acetylated histone H3 precipitated the whole ovalbumin upstream region with varied strength. Acetylation levels were higher in DHSs and near the transcription start site as compared with the intervening sequence between DHS II and III. In the intervening sequence between DHS II and III, the CpG sites were strongly methylated (Fig. 2B, C) . It has been reported that DNA methylation is inversely correlated with active chromatin and with histone acetylation in some genes. 14, 15) From this point of view, lower histone acetylation levels in the intervening sequence between DHS II and III are reasonable. The region between DHS IV and III that contained a demethylated CpG (region B in Fig. 3 ) was associated with relatively high levels of acetylated histone.
In erythrocytes, DHS I, II, III, and IV were apparently not associated with acetylated histones, but the inter-vening sequence between DHS II and III was partially associated with acetylated histones. The reason for high acetylation in the intervening sequence in erythrocytes is not clear, but some narrow regions preferentially associated with acetylated histones have been reported. 31) Although methylation of CpGs in erythrocytes and oviduct cells of immature chickens was similar, we cannot rule out the possibility that oviduct cells of immature chickens show a different acetylation pattern of histone H3 than that of erythrocytes. To clarify this point, further analysis is necessary. Together, the results suggest that the ovalbumin gene, especially in its DHSs, is associated with acetylated histones in laying hens.
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- 4k  -3k  -2k  -1k  -6k   DHS III  DHS II  DHS I  DHS IV   Amplified Oviduct cells and erythrocytes from laying hens were subjected to ChIP analysis. A schematic representation with the locations of amplified regions is shown at the top. The middle and bottom parts show the ChIP assay by anti-acetyl-histone H3 (Ac-H3) and anti-dimethyl-histone H3 at Lys 27 (diMeK27) respectively. Amplified DNAs were analyzed in agarose gel and stained with ethidium bromide for visualization. The inverse images are shown. Input (5% and 0.5% for acetylated histone H3 and dimethylated histone H3 at Lys 27 respectively) was used as the control, and the ratio of the precipitates with specific antibody to input was calculated based on the band intensity measured by NIH Image, which is indicated at the right.
Roles for histone methylation in epigenetic memory have also been postulated in combination with DNA methylation. 13) Hence dimethylation of histone H3 at Lys 27, one of the typical marks of repressive state of chromatin, was examined. Methylation of histone H3 was low over all the ovalbumin locus in laying hens, but those in DHS II, III, and the transcription start site were relatively high level in erythrocytes. These results support the conclusion that ovalbumin gene is inactive state in erythrocytes.
Discussion
In this study, we assessed the methylation status of DNA and the acetylation and methylation of histone H3 in the 5 0 upstream region of the ovalbumin gene. Our results clearly show that DNA demethylation occurred in laying hens only in the specific DNA segments in DHSs of the ovalbumin control region under the condition that cells expressed extremely high levels of ovalbumin and the locus was associated with acetylated histones. On the other hand, the locus was generally methylated in immature chickens and erythrocytes.
Methylation levels in nonexpressing cells have been reported to be variable with several genes. 5, 6, 29, 30) ''Ectopic'' demethylation without expression is observed in some tissues. 4) For instance, DNA methylation in the maspin gene, of which the expression is regulated by methylation of its promoter, was not complete, and some sites were demethylated by up to 40% in the heavily methylated region in nonexpressing cells. 6) Thus DNA methylation is regulated not in an all-or-none manner, especially for developmentally regulated genes in primary cultures, as was observed with the ovalbumin gene in this study.
Demethylated DNA regions are in accordance with the DHSs in the ovalbumin gene except for DHS IV. The exception in DHS IV may reflect independent regulation of DNA demethylation in DHS IV, as has been reported for the tyrosine aminotransferase gene. 32) One of the possible mechanisms for the observed demethylation restricted to DHSs is passive demethylation, namely, inhibition of methylation after DNA replication. 2) In the model of passive demethylation, as has been found for several transcription factors, 16, 17) binding of specific transcription factors inhibits the recruitment of methyltransferase to each region and induces demethylation of CpG after several rounds of cell proliferation. In fact, oviduct weight increases several hundred fold with a massive proliferation of tubular gland cells during the development of the oviduct. 24) It has been reported that DHS I, II, and III in the ovalbumin promoter have several binding sites for transcription factors, 20, 21) though no ChIP analysis showing in vivo binding has been reported so far. A homeodomain protein, EF-1, binds to a steroid-dependent responsive element located from À900 to À793 within DHS II that includes CpG at À805. 33) Since the expression of EF-1 is enhanced by estrogen in the oviduct, it is proposed that the binding of EF-1 to the steroid-dependent responsive element might be responsible for ovalbumin activation by estrogen. 33) It has also been reported that there are several binding sites including AP1 (which site is centered on À45), chicken ovalbumin upstream promoter-transcription factor (À80), interferon regulatory factor-4 (À115), and EF-1 (À150), located in DHS I. 20, 21) These transcription factors probably play a role in the regulation of gene expression, demethylation of DNA by a passive mechanism, and histone acetylation via the recruitment of histone acetyltransferases. 34, 35) These regions might work as a center for spreading the regions associated with acetylated histones. 15) DHS III was moderately demethylated in laying hens while that in estrogen-induced chickens was strongly demethylated, which suggests that demethylation of DHS III might be affected by estrogen. Interestingly, DHS III contains four half-sites of the estrogen-responsive element that act synergistically to establish estrogen-responsiveness in HeLa cells. 36) Further studies, including ChIP assay with anti-estrogen receptor antibody, should reveal the roles of DHS III in the oviduct of laying hens.
Our ChIP analysis showed that DHSs of ovalbumin gene were associated with acetylated histone H3 in the oviduct of laying hens, although the levels of acetylation were not uniform. Furthermore, histone H3 methylation was low overall in this region in laying hens. A molecular link between DNA demethylation and changes in histone modifications, including histone acetylation and methylation, has been reported, 37) but this link appears not to work in all the genes so far reported. For example, it has been reported that DNA demethylation of the promoter proximal region of liverspecific tyrosine aminotransferase gene was observed only after continuous expression of the gene for more than 5 d. 32) Furthermore, DNA was demethylated after histone acetylation and methylation of histone H3 at Lys 4 in the activation of the Ig locus during early B-cell development. 38) Further kinetic studies should reveal the hierarchy of various epigenetic changes during gene activation in the developmental and differentiation processes.
